A study on the translation of a solid-state synthetic reaction from a mechanochemical mixer-mill to a continuous twin-screw extruder is discussed herein. The study highlights some considerations to be made and parameters to be tested in the context of a model fluorination reaction, which is the first organic fluorination to be attempted using extrusion. Upon optimization, which features the first use of grinding auxiliary solids to enable effective synthetic extrusion, the difluorination reaction was successfully translated to the extruder, leading to a 100-fold improvement in Space Time in a twin screw extruder.
Solvent-free or solvent-minimized chemical synthesis is an ideology of sustainable or green chemistry. 1 In recent years, mechanochemistry has been explored for its ability to provide solvent-free access to novel polymorphs, 2 rapid access to metal-organic-frameworks (MOFs) 3 and for its application to organic synthesis. 4 Whilst this technique is providing useful discoveries and insights at small scales, scale up of solventfree processes is less well developed. Developing scalable methods is essential if the potential of solvent-free synthesis for more sustainable manufacturing is to be realised. The scale up of ball-milling mechanochemical approaches has been reported (Knoevenagel condensation up to 300 mmol), but as this method scales, the energy input per unit mass of reactants decreases. 5 Indeed, although large scale mills are widely used for processing materials, their applicability to chemical synthesis is yet to be demonstrated. As an alternative to milling, twin-screw extrusion (TSE), used widely for formulation and final form preparation, 6 has recently been shown to be successful in the synthesis of MOFs and for organic condensation reactions. 7 Herein we describe the translation of an organic fluorination reaction from a mill to an extruder. Our previous work in a ball-mill demonstrated that monoand di-fluorination could be carefully controlled in the solidstate using specific conditions and additives. In the presence of a small amount of added liquid (Liquid Assisted Grinding, LAG), 8 an improved selectivity for monofluorination versus difluorination was observed. 9 Conversely, addition of sodium carbonate as base permitted difluorination within two hours versus 24 hours under solvent conditions. We began by considering extrusion parameters and how these might correlate to milling parameters (Fig. 1) . Extrusion typically allows for precise temperature control which is not achievable in an standard mixer mills. 7h,11 In the extruder used here, there are six individually addressable heaters along the length of the barrel. Regarding reaction time, in a mixer mill this is set by the operator and normally for the full duration the sample is subjected to impact and shear forces applied by the balls, although resting periods can be included. The reaction time in an extruder is the residence time with 1-2 minutes being typical, during which the reactants are subjected to shear and compression forces. The screws themselves consist of variously configured sections and are customizable. These sections are typically forward-conveying (moving the solids forward), reverse-conveying (retarding the flow of solids) or kneading. Screw elements in the kneading sections can be mutually positioned at angles of 30, 60 or 90°and are responsible for applying the greatest shear during the extrusion process. The screws are normally co-rotating (as here) but can potentially be counter-rotating. In addition to the temperature and screw speed there is also the ability to control the feed input rate using a solid feeder. Finally, the torque of the extrusion process is also a key parameter. The power of the extruder is related to the torque supplied to the screws and when high levels are reached, the extruder cuts-off, highlighting that there are blockages, paste formation or gumming.
In our initial experiments we looked to explore the difluorination of dibenzoylmethane (1) we passed a mixture of materials through the extruder manually at a screw speed of 50 rpm. Initial tests involved manually feeding a solid mixture of dibenzoylmethane (5 mmol, 1.12 g), Selectfluor (10 mmol, 3.54 g), Na 2 CO 3 (50 mmol, 5.30 g) (as base and grinding auxiliary) into the TSE within 2 min at various temperatures (Table 1 entries 1-4) . At 50 and 60°C, there was almost no reaction. However, when the temperature of all sections was increased to 65°C or 70°C, the yield of difluorinated product increased to 43% and 54% respectively with only 2% of the monofluorinated product observed. We then explored the addition of sodium chloride rather than an excess of sodium carbonate as grinding auxiliary or glidant. 10 The mixture of reagents (20 g), which now contained dibenzoylmethane (5 mmol, 1.12 g), Selectfluor (10 mmol, 3.54 g), Na 2 CO 3 and NaCl was manually fed into the TSE within 2 min (10 g min −1 ) with a residence time of approximately 1.5 minutes (Table 1, entries 5-12) . It can be seen that without the addition of Na 2 CO 3 as base the reaction was slow at 70°C. By increasing the amount of Na 2 CO 3 from 1 to 3 molar equivalents, the yield of difluorinated product increased to 46% (Table 1, entries 6 & 7) . Further increasing the temperature to 80°C or 90°C did not increase the yield of desired product, but led to the formation of 2,2-difluoro-1-phenylethanone as a by-product as shown by 19 F NMR spectroscopy (see the ESI † for details). With the optimum temperature identified as 70°C, we then optimised the screw speed, which could affect the degree of mixing and the amount of shear applied, as well as the residence time. It is shown (Table 1 , entry 10), that increasing the residence time of the reaction mixture to ca. 2.5 minutes by altering the screw speed to 25 rpm did not improve the yield of difluorinated product. This could be due to reduced shear and mechanical energy input at lower screw speeds. Conversely, when the screw speed was set to 280 rpm, greater mechanical energy was applied, but the residence time was shortened to less than 30 s, which was too short for the completion of reaction (Table 1 , entry 11). Thus only 5% difluorinated product was obtained. Pleasingly, we found that the yield of difluorinated product could be increased to 61% by passing the reaction mixture through the extruder three times (Table 1 , entry 12 at 50 rpm). These observations led us next to explore modified screw configurations. We switched to a configuration containing only two kneading sections but with reverse conveying segments after each of these sections (Table 1 , photographs). These reverse conveying segments can increase the residence time of the reaction mixtures by holding up the material at kneading sections resulting in greater mechanical energy being applied to the reaction mixture. 7h During initial attempts to use the modified screw configuration, we found that feeding material with the same speed as the standard screw configuration (∼10 g min −1 ) resulted in high levels of torque (ca. 12.5 Nm), causing the extruder to cut-off (a safety feature).
To compensate for this, reaction materials were instead fed manually over 8 min (ca. 2.5 g min −1 ). Results from these conditions are shown in Table 1 , entries 13 & 14. Notably, as compared with the standard screw configuration, which gave a residence time of 3 minutes, the modified screw resulted in a residence time of approximately 10 min and an increased yield of the difluorinated product of 14% at room temperature (versus 0% for the previous configuration). Unfortunately, at elevated temperatures, 40-70°C, blockage occurred at feeding rates of ca. 2.5 g min −1 and 50 rpm screw speed (Table 1, entry 14) . This is likely due to the change of rheology of materials at the reverse screw sections where they appear to aggregate and form hard clumps inside the extruder. To prevent this obstruction from occurring the amount of grinding material, NaCl, was increased from 14 g to 23.6 g, providing a total reaction mixture of 30 g which was then manually fed within 8 min (∼3.8 g min
−1
). 11 It was found that increasing the proportion of grinding auxiliary prevented the formation of hard clumps during the extrusion process but led to a decrease in yield due to the dilution of reactants ( Previous work from our group reported that liquid-assisted grinding could be used as a powerful tool to control mechanochemically milled organic reactions. 9 It was found that milling dibenzoylmethane with Selecfluor (2 equiv.) in the absence of base or any solvent afforded a 3 : 1 ratio of monofluorinated : difluorinated product, whereas the addition of a small amount of acetonitrile (0.125 mL) to the reaction improved monofluorinated selectivity to 50 : 1. Herein, we wanted to investigate whether we could observe this phenomenon under continuous flow using a twin screw extruder. Based on the above optimised process for difluorination using TSE, a pre-mixed 30 g solid mixture of dibenzoylmethane (5 mmol, 1.12 g), Selectfluor (10 mmol, 3.54 g), NaCl (23.6 g) and varying amounts of acetonitrile as liquid additive was fed manually into the TSE over an 8 min period (ca. 3.8 g min −1 ). Table 2 , entry 1 shows that without liquid additive or base, only 6% monofluorinated product was obtained at 70°C. The addition of acetonitrile (0.5 mL-1.5 mL) improved the yield of monofluorinated product to 30% (Table 2 , entries 2-4), but the yield did not very much at different additive quantities at 70°C. Considering the potential for the small amount of added acetonitrile to be vapourised during the extrusion process at 70°C (acetonitrile bp 82°C), a lower temperature of 60°C was explored. As hoped, the yield of monofluorinated product then increased further with the increasing amount of acetonitrile (Table 2, entries 5-10) . When the volume of added acetonitrile was 2 mL (η = 66.7 μL g −1 ), the conversion of starting material was close to 100% (confirmed by 1 H NMR spectroscopy), and the yield of monofluorinated product was 81% with 14% difluorinated product (Table 2, entry 9). Further increasing the acetonitrile to 2.5 mL did not improve the selectivity but lead to a decrease in yield. With good conditions identified for producing either monofluorinated or difluorinated products, a continuous process was set up with a twin screw volumetric feeder (Fig. 1) to supply the solid mixture to the twin screw extruder at the desired feeding rate. To demonstrate the potential of using a twin screw extruder under the identified conditions a 90 g reaction mixture of dibenzoylmethane (3.36 g, 15 mmol), Selectfluor (10.62 g, 30 mmol), Na 2 CO 3 (45 mmol, 4.77 g), NaCl (71.3 g) was prepared and fed by the volumetric feeder over 24 min (feeding rate = 3.75 g min −1 ) into the extruder.
Following extrusion of the material at a screw speed of 280 rpm and 70°C, 45 g of the reacted mixture was collected and washed with water to yield 2.01 g of organic material, 80% of which was the difluorinated product. This material was further purified by recrystallization from cyclohexane to afford a 70% yield of pure difluorinated product (3, 1.370 g). Efforts to use higher feeding rates, e.g. 5 g min −1 , led to high torque and blockage. Nonetheless, under these conditions we could obtain a throughput rate of 164 g day −1 for pure difluorinated product, corresponding to a Space Time Yield (STY) of 3395 kg m −3 day −1 , whereas, using a mixer mill we were able to produce difluorinated product at a rate of only 5.8 g day −1 with a STY of 29 kg m −3 day −1 . 9 Similarly, a 90 g reaction mixture of dibenzoylmethane (3.36 g, 15 mmol), Selectfluor (10.62 g, 30 mmol), MeCN (6 mL), NaCl (72 g) were fed by volumetric feeder within 24 min (feeding rate = 3.75 g min −1 ) to the extruder. Following extrusion of the material at a screw speed of 280 rpm and 60°C, 45 g of the reacted mixture was collected, purified by washing with water and then dried under high vacuum to afford 90% yield of product (1.789 g, mono : difluro = 6 : 1), corresponding to a throughput rate (of crude material) of 214 g day −1 and a STY of 4431 kg m −3 day −1 .
In conclusion, we have explored the translation of a mixermill process into a twin screw extruder, exploring several process parameters and their effects on a fluorination reaction. Notably, the extrusion reaction can be optimized to deliver either mono-or di-fluorinated products and deliver a process that could readily permit kg scale within a few working days without recourse to bulk solvents for the reaction part of the chemical process. The use of grinding auxiliaries in an extrusion process has also been demonstrated and indeed proven necessary in this case for an effective process. The observation that LAG can be used to control selectivity in this organic reaction also appears to translate to the extruder, although the mechanistic origin of this observation remains unclear. Future research will look at broadening the scope of synthetic transformations that can be achieved under extrusion processes.
Notes
Information on the data underpinning the results presented here, including how to access them, can be found in the Cardiff University data catalogue at [http://doi.org /10.17035/ d.2018 .0055069520].
Conflicts of interest
There are no conflicts of interest.
